We previously showed that the LAT function required for efficient spontaneous reactivation of herpes simplex virus type 1 (HSV-1) from neuronal latency in the rabbit maps within the first 1.5 kb of the 8.3-kb primary LAT transcript. This demonstrated that LAT does not function via an antisense mechanism, since the first 1.5 kb of LAT does not overlap any other known HSV-1 gene. Furthermore, if LAT encodes a protein essential for efficient spontaneous reactivation, it must map within the functional first 1.5 kb of LAT. Thus, the absence of a well-conserved LAT open reading frame in this region among all HSV-1 LAT genes capable of supporting high levels of spontaneous reactivation would demonstrate that LAT does not encode a protein essential for efficient spontaneous reactivation. In this report, we sequenced the first 1.5 kb of LAT from HSV-1 McKrae, a strain with a very high spontaneous reactivation rate. Of the HSV-1 LAT sequences available for comparison (17synϩ, KOS, and F), only strain 17synϩ has a high spontaneous reactivation rate. However, as shown in this report, a chimeric virus containing the KOS LAT gene on an HSV-1 McKrae genetic background had a spontaneous reactivation rate indistinguishable from McKrae (15 versus 13.6%; P Ͼ 0.05). Thus, the spontaneous reactivation competency of the LAT gene from HSV-1 KOS was similar to that of the McKrae LAT gene. Comparative sequence analysis of the LAT genes from McKrae, 17synϩ, and KOS revealed that none of the eight potential McKrae LAT ORFs were well conserved. Additional types of sequence analyses further confirmed that none of the potential ORFs were likely to encode a functional LAT protein. These results strongly support the notion that the LAT function involved in spontaneous reactivation is mediated by a direct DNA or RNA mechanism rather than a protein.
INTRODUCTION
Following primary ocular infection, herpes simplex virus type 1 (HSV-1) establishes a lifelong latent infection in sensory neurons of the trigeminal ganglia (TG). At various times throughout the life of the infected individual, the virus can reactivate, return to the eye, and produce recurrent disease. Recurrent HSV-1 corneal infection can produce permanent scarring and is the most common cause of blindness due to an infectious agent in the developed world (Nesburn, 1983) .
During latency, LAT is the only viral gene that is abundantly transcribed (Rock et al., 1987; Stevens et al., 1987) . LAT is located in the long repeats of the HSV-1 genome and is therefore present in two copies per genome. The primary LAT transcript is 8.3 kb and gives rise to a family of LAT RNAs (LATs) including a very stable 2-kb LAT (Farrell et al., 1991; Spivack and Fraser, 1988; Wechsler et al., 1988a,b; Zwaagstra et al., 1990) . LAT null mutants (i.e., LAT transcription-negative mutants) reactivate poorly by explant or induced reactivation in the mouse (Leib et al., 1989 (Leib et al., , 1991 Sawtell and Thompson, 1992) by induced reactivation in the rabbit (Bloom et al., 1994; Trousdale et al., 1991) and by spontaneous reactivation in the rabbit (Perng et al., 1994a (Perng et al., , 1996a . Although LAT is essential for efficient reactivation, a reduced amount of reactivation does occur even in the complete absence of LAT transcription (Perng et al., 1994a) .
LAT has been an area of intense study for over a decade; however, the mechanism by which LAT functions remains unknown. It has been assumed by many either that LAT encodes an as yet undetected latency related protein or that LAT functions via antisense regulation of the important ICP0 and/or ICP34.5 viral genes (see Fig. 1 below) . A LAT protein or an antisense LAT function could enhance (1) establishment of latency, (2) maintenance of latency, or (3) reactivation from latency. These functions are not mutually exclusive and it is possible that LAT has multiple functions.
Recently, we showed that expression of just the first 1.5 kb of the primary 8.3-kb LAT was able to restore wild type McKrae (i.e., high) levels of spontaneous reactivation to a McKrae LAT null mutant. This mapped a LAT function involved in enhancing spontaneous reactivation in the rabbit ocular model of HSV-1 latency to within the first 1.5 kb of the primary 8.3-kb LAT transcript (Perng et al., 1996a) . Since this region does not overlap ICP0, ICP34.5, or any other known HSV-1 gene, it is unlikely that the LAT function essential for wild-type levels of spontaneous reactivation is due to an antisense RNA. Thus, it appears that the first 1.5 kb of LAT enhances spontaneous reactivation either via an RNA function unrelated to antisense suppression of ICP0 or ICP34.5, a DNA function, or by encoding a functional protein.
Despite a great deal of effort by many laboratories, to date, there is no evidence of a LAT-encoded protein that is present during latency, reactivation, or acute infection. We therefore began to suspect that the function of LAT involved in enhancing spontaneous reactivation does not involve a LAT-encoded protein. This report is directed at supporting this hypothesis.
In order for there to be a LAT protein essential for enhancing spontaneous reactivation, there must be an open reading frame (ORF) encoding that protein within the 1.5-kb region to which we previously mapped LAT's spontaneous reactivation function (the first 1.5 kb of LAT). In addition, this ORF must be very well conserved in all HSV-1 strains (i.e., isolates) with a spontaneous reactivation rate similar to that of McKrae. Although it is possible for ORFs from different viruses or higher organisms to produce proteins with similar function even if they have very poor sequence homology, this is not the case for an ORF from different strains or isolates of the same virus. Different HSV-1 strains/isolates would not have had sufficient evolutionary time for similarly functioning ORFs to have significantly divergent sequences. This can be demonstrated by looking at the sequence similarity of those functionally conserved proteins that have been sequenced in more than one HSV-1 strain/isolate (see Discussion and Table 3 ). Thus, a demonstration that LAT genes similarly competent for spontaneous reactivation did not have a well-conserved ORF would strongly suggest that the function of LAT involved in enhancing spontaneous reactivation is not mediated by a LAT-encoded protein.
In order to perform a meaningful comparative sequence analysis, we felt that the sequences for at least three LAT genes capable of supporting spontaneous reactivation similar to that seen in McKrae was necessary. The sequence of strain 17synϩ is published (McGeoch et al., 1985 (McGeoch et al., , 1986 Perry and McGeoch, 1988) , and this virus has a spontaneous reactivation in rabbits that is almost as high as that of McKrae. The only other available LAT sequences are those of strains KOS (Wagner et al., 1988) and F (Wechsler et al., 1989) . Unfortunately, both of these strains reactivate poorly. However, relative to reactivation competent`ẁild-type'' viruses like McKrae and 17synϩ, KOS appears to have defects in several non-LAT genes (Yuhasz and Stevens, 1993) . We therefore suspected that the negative spontaneous reactivation phenotype of KOS might reflect a defect in the ability of the virus to return to the eye and replicate to a level sufficient for detection, rather than to a defect in LAT. To confirm this, we swapped the first 1.5 kb of LAT from KOS into McKrae. This resulted in a chimeric virus with a spontaneous reactivation rate indistinguishable from that of McKrae. Thus, the first 1.5 kb of LAT from KOS had the same potential for spontaneous reactivation as the first 1.5 kb of LAT in McKrae. This then gave us two LAT genes capable of supporting McKraelike spontaneous reactivation for which the sequences were available. To obtain a third LAT sequence for analysis, we sequenced the McKrae LAT.
We report here that the first 1.5 kb of LAT from McKrae contained eight potential ORFs. None of these ORFs were well conserved in the LATs from both KOS and 17synϩ. Thus, among these three LATs competent for high levels of spontaneous reactivation, there was no well-conserved LAT ORF. This strongly suggests that there is no LAT protein. Additional sequence analyses also strongly supported the notion that the first 1.5 kb of LAT does not encode a functional protein.
RESULTS

Structure of the McKrae±KOS chimeric virus dLAT-2903R
K HSV-1 KOS does not reactivate spontaneously in the rabbit ocular model. In contrast, McKrae has the highest spontaneous reactivation rate of any HSV-1 isolate examined. To determine if the KOS LAT gene was capable of supporting a McKrae-like level of spontaneous reactivation, we constructed dLAT2903R K . dLAT2903R K contains the first 1.5 kb of LAT from KOS on a genomic background of McKrae. Since we recently showed that LAT's spontaneous reactivation function maps to within the first 1.5 kb of the 8.3-kb LAT, transferring just this region was sufficient for this analysis. Figure 1 shows a schematic representation of the chimeric virus, dLAT2903R K , along with other viruses used in this report. As we previously described, the McKrae LAT null mutant dLAT2903 contains a 1.8-kb deletion from LAT nucleotide position Ϫ161 (EcoRV) to ϩ1673 (Hpal) (Fig. 1C ) in both copies of LAT (one in each long repeat). Its marker rescued virus, dLAT2903R, in which both copies of the deleted LAT region are fully restored, was made by homologous recombination of dLAT2903 with an appropriate cloned restriction fragment from McKrae (Fig. 1B) . This rescued virus is indistinguishable from the parental wild-type McKrae virus (Perng et al., 1994a) . dLAT2903R K was similarly marker rescued from dLAT2903, except that KOS rather than McKrae DNA was used as described under Materials and Methods (Fig. 1D) . Thus, dLAT2903R K is identical to dLAT2903R and wild-type McKrae except that the McKrae LAT nucleotides from Ϫ161 to ϩ1673 were replaced with the corresponding nucleotides from KOS. The plasmid used to marker rescue the KOS DNA into dLAT2903 contained McKrae DNA from LAT nucleotides Ϫ1801 to Ϫ162 and KOS DNA from Ϫ161 to ϩ2849 (Mlul). Thus, as shown in Fig. 1D , in dLAT2903R K (1) all DNA upstream of Ϫ161 is from McKrae, (2) LAT nucleotides Ϫ161 to ϩ1673 are from KOS, and (3) the origin of nucleotides from 1674 to 2849 (Hpal to Mlul) are undetermined, because homologous recombination events between KOS and McKrae sequences may have occurred within this region.
Replication of dLAT2903R K in tissue culture
Monolayers of CV-1 cells were infected with dLAT2903, dLAT2903R, or dLAT2903R
K at a multiplicity of infection of 0.01 PFU/cell (Fig. 2) . Replication of dLAT2903R K was indistinguishable from replication of dLAT2903R at all times examined. Similar to what we previously reported (Perng et al., 1994a) , replication of dLAT2903 was identical to that of dLAT2903R. Thus, substitution of the McKrae LAT region with KOS sequences retained McKrae-like viral replication in CV-1 cell tissue culture.
Replication of dLAT2903R K in vivo
To examine the ability of dLAT2903R K to replicate in rabbit eyes relative to dLAT2903 and dLAT2903R, tear films were collected on days 3, 5, 7, and 10 postinfection from one eye of each of five rabbits infected with 2 ϫ 10 5 PFU/eye of each virus. The amount of virus in each tear film sample was determined by standard plaque assays Perry and McGeoch, 1988 ). The solid rectangle shows the location of the stable 2-kb LAT that is spliced from the primary transcript. (C) The LAT deletion mutant dLAT2903. The dashed lines and the large``X'' indicate the LAT deletion. (D) dLAT2903R K KOS-LAT McKrae chimeric virus. dLAT2903R K was marker rescued with KOS DNA. The region from EcoRV to Hpal shaded``///'' indicates the region of LAT that is of KOS origin. The region from Hpal to Mlul shaded``XXX'' indicates the region of LAT that is of undetermined origin (either KOS or McKrae). The rest of LAT and the remainder of the viral genome is from McKrae. The arrows between B and C indicate that dLAT2903 was derived from McKrae and that dLAT2903R was marker rescued from dLAT2903 with McKrae DNA. The arrow between C and D indicates that dLAT2903R K was marker rescued from dLAT2903R with KOS DNA.
( Fig. 3 ). On each of the 4 days examined, there was no statistically significant difference in the amount of virus detected in eyes infected with dLAT2903R K compared to dLAT2903R (P Ͼ 0.05, Mann±Whitney rank sum test). Thus, substitution of the KOS LAT for the McKrae LAT did not adversely affect the ability of HSV-1 to replicate in rabbit eyes. Similarly to what we previously reported (Perng et al., 1994a) , ocular replication of dLAT2903 was also indistinguishable from dLAT2903R.
Neurovirulence of dLAT2903R K
Neurovirulence was based on survival measured 21 days after bilateral ocular inoculation with 2 ϫ 10 5 PFU/ eye. Sixteen of the forty rabbits (40%) infected with dLAT2903R K survived, compared to 11 of 17 (65%) rabbits infected with dLAT2903R (Fig. 4) . These results were not statistically significant (P ϭ 0.14, Fisher exact test) and are well within the range that we have seen with wildtype McKrae in numerous experiments. Thus, substitution of the KOS LAT for the McKrae LAT had no significant effect on survival following ocular infection. Similarly to what we previously reported (Perng et al., 1994a) , there was also no difference between dLAT2903 (20/41, 49%) and dLAT2903R (11/17, 65%; P ϭ 0.39).
Spontaneous reactivation of dLAT2903R K
Beginning 30 days postinfection (at which time latency had already been established) all eyes from the surviving rabbits described above were swabbed once a day to collect tear films for analysis of reactivated virus as described under Materials and Methods. The cumulative number of virus-positive tear film cultures during 26 days are shown in Fig. 5 . Because of the different numbers of rabbits (and eyes) among the three groups, the data were standardized for each group by dividing the total cumulative positive cultures on each day by the number of eyes in that group (average cumulative positive cultures per eye). Similar to what we previously reported, the cumulative spontaneous reactivation rate in rabbits latently infected with dLAT2903 (approximately 0.5 per eye) appeared greatly reduced compared to that in the wild-type dLAT2903R infected rabbits (approximately 3.5 per eye). Cumulative spontaneous reactivation in dLAT2903R K infected rabbits (approximately 4 per eye) appeared much greater than that of dLAT2903 and similar to that of dLAT2903R.
A statistical analysis of positive (spontaneously reactivated) cultures versus negative cultures is shown in Table 1 , column 2. Fifteen percent of dLAT2903R K cultures contained spontaneously reactivated virus. This was similar to the 13.5% for dLAT2903R (P ϭ 0.44) and
FIG. 3. Replication of dLAT2903R
K in rabbit eyes. Rabbits were infected with 2 ϫ 10 5 PFU/eye of dLAT2903R K , dLAT2903R, or dLAT2903 as described under Materials and Methods. On days 3, 5, 7, and 10 postinfection, tear films were collected as described under Materials and Methods and the amount of infectious virus/eye during the acute phase of infection was determined by plaque assays. The average of titers from five eyes for each virus at each time point are shown. Solid circles, dLAT2903R K ; solid squares, dLAT2903R; open squares, dLAT2903.
FIG. 2. Replication of dLAT2903R
K in tissue culture. Semiconfluent monolayers of CV-1 cells were infected with 0.01 PFU/cell of either dLAT2903R K , dLAT2903R, or dLAT2903. Following 1 h adsorption, the monolayers were washed with medium and refed with fresh medium containing 10% fetal calf serum. At the times indicated after infection, each monolayer was freeze±thawed 2ϫ and the amount of total virus per milliliter was determined by plaque assays. Previous studies showed that replication of dLAT2903R and wild-type McKrae are identical (Perng et al., 1994a) . Solid circles, dLAT2903R K ; solid squares, dLAT2903R; open squares, dLAT2903. over fivefold higher than the 2.4% for dLAT2903 (P Ͻ 0.0001).
Because the above analyses do not take into account the number of eyes in each of the groups, the data were analyzed by additional methods. The fraction of days that virus-positive cultures were obtained for each eye in each group (i.e., the fraction of days each eye was virus positive) was calculated and these fractions were analyzed by the Mann±Whitney rank sum test. By this analysis spontaneous reactivation of dLAT2903R K and dLAT2903R were similar (Table 1 , column 3; P ϭ 0.92), while spontaneous reactivation of dLAT2903 was much lower (P Ͻ 0.0001 and P ϭ 0.0001 respectively).
The number of eyes in each group that had at least one spontaneous reactivation is shown in column 4 of Table 1 . Again, the dLAT2903R K and dLAT2903R groups were similar (84 and 73%; P ϭ 0.32), while the dLAT2903 group was significantly lower (18%, P Ͻ 0.0001). The number of rabbits in which spontaneous reactivation occurred in at least one eye was also determined (Table  1 , column 5). Again, the dLAT2903R K and dLAT2903R groups were similar (94 and 91%; P ϭ 1.0) and much higher than the dLAT2903 group (25%, P Ͻ 0.001). Thus, each of the above analyses strongly suggests that the spontaneous reactivation rate for dLAT2903R K (the KOS-LAT McKrae chimeric virus) was indistinguishable from that of dLAT2903R (wild-type McKrae). This strongly suggests that the KOS LAT gene is capable of supporting McKrae-like high levels of spontaneous reactivation.
DNA sequence of McKrae LAT
The Pstl±Hpal region of McKrae LAT corresponding to LAT nucleotides 61±1501 was sequenced as described under Materials and Methods. Figure 6 shows the sequence for McKrae LAT 61±1501 and the corresponding sequences from strains KOS (Wagner et al., 1988) and 17synϩ 
Potential LAT ORFs
Since the region of LAT involved in spontaneous reactivation is functionally equivalent in McKrae, KOS, and 17synϩ, the predicted amino acid sequence of a functionally important LAT protein would have to be well conserved among all three strains. The relative location and size of potential ORFs located within the first 1.5 kb of LAT for strains McKrae, KOS, and 17synϩ are shown in Fig. 7 . The region from LAT nucleotides 1±60 was not sequenced and is not included since it does not contain an ATG (based on the sequence of 17synϩ). Each potential ORF (open rectangles) begins with an ATG and ends in TAA, TAG, or TGA. McKrae has eight potential ORFs designated ML1 (McKrae LAT 1) to ML8. ML1, ML2, ML3, and ML4 have similarly positioned and sized potential ORF homologues in both KOS and 17synϩ (Fig. 7) and cannot be eliminated as possibly encoding a LAT protein based solely on this analysis. Based on variability of size and location the remaining four potential ORFs (ML5, ML6, ML7, and ML8) appear less well conserved and are therefore unlikely to encode a functional LAT protein.
Comparative amino acid sequence analysis of the above potential ORFs is shown in Fig. 8 . The lack of conserved sequences for ML5, 6, 7, and 8 again suggests that they are unlikely to encode a functionally equivalent protein. ML5 is missing in 17synϩ. ML6 has only 10.3% homology among all three strains, while ML7 has 25.6% homology and ML8 has 16.9% homology. In addition, ML8 in 17synϩ does not terminate within the 1.5-kb functional LAT region. In contrast, ML1 through ML4 all have over 40% identity with ML3 being the most conserved at 78.3% followed by ML1 at 49.1%, ML4 at 44.1%, and ML2 at 43.9%.
To further analyze these ORFs, we determined the rates of synonymous changes (silent nucleotide changes) and nonsynonymous changes (nucleotide changes that alter amino acids) using Li's method (1993) ( Table 2 ). On average, synonymous substitutions in protein coding regions are 10-fold more common than nonsynonymous substitutions (Li, 1991 (Li, , 1993 . None of these four potential LAT ORFs showed this type of ratio (Table  2 ). In fact, nonsynonymous changes in ML4's predicted amino acid sequence appeared to be accumulating a Total number of identical amino acids divided by the consensus length of the ORF multiplied by 100.
b Total number of similar amino acids, as determined by CLUSTAL W using the BLOSUM series matrix, divided by the consensus length multiplied by 100.
c Synonymous and nonsynonymous rates were calculated using the fourfold degenerate method of Li (1993) .
d The ORFs were aligned based on their amino acid sequences. The number of nucleotide substitutions per codon position were then calculated. Gaps were ignored.
e Total number of conserved amino acids containing an A and/or T in their codons divided by the consensus length of the ORF multiplied by 100. faster then silent nucleotide changes, making it very unlikely that ML4 encodes a LAT protein. Nucleotide changes leading to alterations in ML2 and ML3's predicted amino acid sequences appeared to be accumulating at approximately the same rate as silent nucleotide changes, while silent nucleotide changes in ML1 appeared to be accumulating only slightly faster (twofold) than nonsynonymous changes. Thus, ML1, ML2, and ML3 are also unlikely candidates for encoding a LAT protein.
A potential ORF that does not encode a protein would be expected to have a similar rate of nucleotide changes at each of the three codon positions. However, because of the redundancy in the genetic code, ORFs encoding proteins usually have a characteristic gradient in the number of changes in the different codon positions, with the least variation in codon position 1, followed by position 2 and then position 3. None of the ORFs (ML1±ML4) have a large enough gradient to suggest that they encode a protein (Table 2) .
Similar to the entire HSV-1 genome, and the repeats in particular, ML1 through ML4 show a GC bias (from 56 to 76%). In GC-rich regions that are not subjected to selective pressures, polymerase slippage during replication would tend to further increase the GC content. Thus, if one of these ORFs codes for a LAT protein, selective pressure would be expected to maintain amino acids containing the nucleotides A and/or T. With the exception of ML1, the percentage of conserved amino acids that contain A and/or T in their codons is lower than the FIG. 6. LAT nucleotide sequence alignments. The sequence from LAT nucleotides 61 to 1501 in HSV-1 strain McKrae was determined and aligned with the corresponding KOS (Wagner et al., 1988) and 17synϩ overall percentage identity (Table 2 ). This suggests that the selective pressure on AT-containing codons is less than that on GC-containing codons. Thus, ML2, ML3, and ML4 are unlikely to encode a LAT protein. Taken together, the above analyses strongly suggest that it is unlikely that any of the eight potential ORFs encode a functionally important LAT protein.
DISCUSSION
Although it is well established that LAT is essential for efficient reactivation, the stage of the latency cycle (i.e., establishment, maintenance, and/or reactivation) at which LAT exerts its influence remains unclear. How this influence is mediated is also unclear, but the most likely candidates have been thought to be either a LAT protein or a LAT antisense RNA. Since a portion of LAT overlaps and is antisense to the important immediate early gene ICP0, and since blocking ICP0 production would logically shut down the virus, antisense suppression of ICP0 by LAT RNA has been a favorite theory of LAT function. Such a function would be expected to enhance the efficiency of establishing or maintaining latency. This would increase the number of latently infected neurons and presumably result in more spontaneous reactivation. However, by mapping the LAT function involved in spontaneous reactivation to the first 1.5 kb of the LAT transcript (Perng et al., 1996a) , a region that does not overlap ICP0, we recently eliminated antisense as a major mechanism by which LAT enhances spontaneous reactivation.
Since most gene phenotypes are due to a protein, the search for a LAT-encoded protein began immediately after LAT's discovery in 1987 (Rock et al., 1987; Stevens et al., 1987) . So far there has been no convincing evidence for, or against, a LAT protein. Mapping the spontaneous reactivation function to the first 1.5 kb (18% of the 8.3-kb gene) has allowed us to eliminate the majority of potential LAT ORFs from contention as encoding a LAT protein crucial for spontaneous reactivation. Since the first 1.5 kb of LAT in KOS and 17synϩ had previously been sequenced, and since (1) 17synϩ has a spontaneous reactivation rate similar to McKrae, and (2) we demonstrated above that the KOS LAT is spontaneous reactivation competent, sequencing this region of McKrae gave us a total of three reactivation competent LAT sequences to examine and allowed us to perform a meaningful comparative analysis of potential ORFs involved in spontaneous reactivation.
To determine if any of the LAT 1.5-kb region's ORFs (ML1±ML8) might code for a protein involved in spontaneous reactivation, sequence analysis was done comparing McKrae, KOS, and 17synϩ (Fig. 8) . ML5 does not exist in 17synϩ, while ML6±ML8 contain major size differences. Since any functionally important LAT protein would be expected to be very well conserved among these HSV-1 strains, ML5, ML6, ML7, and ML8 can be eliminated as likely candidates. ML8's protein coding potential is further weakened since in strain 17synϩ its ORF does not terminate within the functionally important 1.5-kb region. Sequence analyses for protein coding potential showed that none of the 4 ORFs, ML1±ML4, encode a protein (Table 2 ). Based on the synonymous versus nonsynonymous rate ratios and the percentage of conserved amino acids encoded by AT containing codons, ML2± ML4 were ruled out as coding for proteins. Furthermore, the substitution rate per codon position analysis eliminated all of the ORFs from having a protein coding potential. ML1 is further eliminated since we previously showed that the DNA region-containing ML1 is not required for wild-type spontaneous reactivation (Perng et al., 1996b) and therefore cannot encode an essential LAT protein. Taken together, the above analyses suggest that it is very unlikely that any of the eight potential ORFs found within the functionally important 1.5-kb region of LAT are capable of encoding a LAT protein.
Although no amino acid sequences for McKrae proteins have been published, several KOS protein sequences have been published. Since the entire sequence for 17synϩ is available (McGeoch et al., 1985; Perry and McGeoch, 1988) , it was possible to examine the amino acid sequence homology between nine KOS and 17synϩ proteins to see how their homologies compared to the maximum amino acid sequence homology for potential LAT proteins of 78.3% found here. The extremely high level of amino acid identity between KOS and 17synϩ for all of the KOS proteins available for comparison (Ͼ98%) ( Table 3 ) is in sharp contrast to the much poorer amino acid homologies of the potential LAT ORFs in this report. All but one of the LAT ORFs had less than 50% identity (Table 2) . Even the most highly conserved potential LAT ORF, ML3, only had 78.3% identity.
Comparison of just the KOS and 17synϩ LAT ORFs showed similar low identity of 10.3 to 81.2% (Table 3) . Although homologous proteins from different species can have similar function while retaining only low amino acid identity, this cannot occur in proteins from different isolates of the same virus, because there would be insufficient evolutionary time for divergent sequences to have arisen without altering function. Thus, the relatively poor conservation of amino acid homology among the small potential LAT ORFs, in contrast to the extremely high homology of other larger HSV-1 proteins, strongly argues against any of the potential LAT ORFs encoding a functionally significant protein.
A comparison of the amino acid sequence homology to the overall nucleotide sequence homology within the first 1.5 kb of LAT also argues against a LAT protein.
While the maximum amino acid sequence homology (among all three LAT genes) for any of the potential ORFs is 78.3% (ML3), the overall nucleotide sequence homology (among all three LAT genes) in the first 1.5 kb of LAT is 95.2%. Thus, the nucleotide sequences were more highly conserved than were any of the potential amino acid sequences. This suggests that the selective pressure to maintain the nucleotide sequence is stronger than that for any of the amino acid sequences. Thus, the LAT nucleotide sequence may be more important than potential LAT protein sequences. This, in turn, supports the notion that the LAT function essential for spontaneous reactivation is more likely to be due to a direct RNA or DNA function than to a protein function.
In summary, this report (1) confirms that the KOS LAT gene is functionally equivalent to the McKrae LAT gene. The nonspontaneous reactivation phenotype of KOS must therefore be due to a defect in at least one other HSV-1 gene, suggesting that at least one HSV-1 gene in addition to LAT is required for efficient spontaneous reactivation and (2) provides strong evidence against a LAT protein essential for efficient spontaneous reactivation. The LAT function involved in spontaneous reactivation is therefore likely due to a direct LAT RNA or LAT DNA function and not to a LAT-encoded protein.
MATERIALS AND METHODS
Virus and cells
All parental and mutants viruses were triple plaque purified and passaged only one or two times prior to use. Wild-type McKrae, dLAT2903, and dLAT2903R have been previously described (Perng et al., 1994a) . KOS was originally obtained from Priscilla Schaffer. In various experiments in our lab involving over 50 rabbits (100 eyes) infected with KOS, spontaneous reactivation has never been detected. In contrast, spontaneous reactivation is routinely detected in over 50% of eyes infected with McKrae. Rabbit tear films were cultured on rabbit skin (RS) cell monolayers to look for the presence of reactivated HSV-1. RS cells were grown in Eagle's minimum essential media (MEM) supplemented with 5% fetal calf serum (FCS). CV-1 cells were grown in the same medium supplemented with 10% FCS.
Construction of dLAT2903R K
The parental virus for this construct was dLAT2903, a mutant of HSV-1 strain McKrae in which the region of LAT from Ϫ161 to ϩ1663 (EcoRV/Hpal) relative to the LAT transcription start site was deleted from both copies of LAT (Perng et al., 1994a) . This LAT null mutant is thus missing approximately 0.2 kb of the LAT promoter and 1.6 kb of the 5Ј end of the primary 8.3-kb LAT transcript. dLAT2903 was previously marker rescued back to wildtype (dLAT2903R) by homologous recombination with an appropriate McKrae restriction fragment (Perng et al., 1994a) . To make the KOS±LAT McKrae chimeric virus, dLAT2903 was similarly marker rescued with a plasmid containing an EcoRV±MluI fragment from KOS (corresponding to McKrae LAT nucleotides Ϫ161 to ϩ2849). To allow for efficient homologous recombination the KOS fragment was flanked on both sides by McKrae DNA. Relative to the start of LAT, the final plasmid construct therefore contained McKrae DNA from Ϫ798 to Ϫ162 (Swal±EcoRV), KOS DNA from Ϫ161 to ϩ2849 (EcoRV± Mlul), and McKrae DNA from ϩ2850 to ϩ4658 (Mlul± BamHI). dLAT2903R K virus was generated by homologous recombination as we previously described (Perng et al., 1994a) . Briefly, the above plasmid was cotransfected with infectious dLAT2903 DNA by the calcium phosphate method. Viruses from the cotransfection were plated and isolated plaques were picked and screened for KOS rescue of the deletion using restriction digestion and a KOS protein sequences available in GenBank were aligned to the corresponding protein sequences of 17synϩ as described in Table 2 . Nucleotide (Nt) homologies are shown for comparison. Similar comparisons between KOS and 17synϩ for the LAT ORFs (ML1±ML8) are also shown.
Southern analysis. Selected plaques were triple plaque purified and reanalyzed by restriction digestion and Southern analysis to ensure that the KOS DNA was present in both long repeats. A final plaque was purified and designated dLAT2903R K .
Replication of virus in tissue culture
CV-1 cell monolayers at approximately 70±80% confluency were infected with virus at 0.01 PFU/cell and all monolayers were refed with exactly the same amount of MEM containing 10% FCS. Virus was harvested for titration at various times by two cycles of freeze±thawing the monolayers plus medium (Ϫ80°C to room temperature). PFU per milliliter were determined by standard plaque assays on RS cells.
Rabbits
Eight-to ten-week-old New Zealand White (NZW) male rabbits (Irish Farms) were used for all experiments. Rabbits were treated in accordance with ARVO (Association for Research in Vision and Ophthalmology), AALAC (American Association for Laboratory Animal Care), and National Institutes of Health guidelines.
Rabbit model of ocular HSV-1 infection, latency, and spontaneous reactivation
Rabbits were bilaterally infected without scarification or anesthesia by placing of the appropriate virus into the conjunctival cul-de-sac, closing the eye, and rubbing the lid gently against the eye for 30 s as we previously described (Rock et al., 1987) . Acute ocular infection of all eyes was confirmed by HSV-1-positive tear film cultures and by the presence of HSV-1-induced corneal disease. At 2 ϫ 10 5 PFU/eye of HSV-1 McKrae virtually all of the surviving rabbits harbor a bilateral latent HSV infection in both trigeminal ganglia, resulting in a high group rate of spontaneous reactivation with the McKrae strain of HSV-1 (Perng et al., 1994a (Perng et al., , 1996a . Latency is assumed to have been established by 28 days postinfection.
Detection of spontaneous reactivation by ocular shedding
Beginning on day 30 postinfection, tear film specimens were collected daily from each eye for 26 days using a nylon-tipped swab as previously described . The swab was then placed in 0.5 ml of tissue culture medium which was then used to infect RS cell monolayers. These cell monolayers were observed in a masked fashion by phase light microscopy for 4 to 5 days for HSV-1 cytopathic effects (CPE). Positive monolayers were blind passaged onto fresh cells to confirm the presence of virus. DNA was purified from randomly selected positive cultures derived from latently infected rabbits and analyzed by restriction enzyme digestion and Southern blots to confirm that the CPE was due to reactivated HSV-1 and that the reactivated virus was identical to the input virus.
Sequencing
A 1441-bp Pstl±Hpal restriction fragment corresponding to LAT nucleotides 61 to 1501 of HSV-1 strain McKrae was cloned into the Pstl±Smal site of plasmid pUC19. The resulting plasmid was amplified by transformation into Escherichia coli RR1cl857 as we previously described (Perng et al., 1994b) . A 424-bp Sphl fragment, a 786-bp Sphl fragment, and a 227-bp Sphl±Xbal fragment were then isolated by electroelution and subcloned into pUC19 for sequencing. The pUC19±LAT restriction fragments were sequenced using the Sequenase QuickDenature plasmid sequencing kit (Version 2.0, United States Biochemical, Cleveland, OH). The Sequenase was used undiluted, which appeared to greatly facilitate sequencing of this very high GC region. pUC19 primers were used to sequence the 424-and 227-bp fragments in both directions. A combination of pUC19 primers and internal oligomer primers were used to sequence the 786-bp fragment.
ORF sequence analysis
The DNA sequences were assembled and basic sequence manipulations were done using the Genetics Computer Group Wisconsin Package Version 8.1. The sequences were aligned using the CLUSTAL W program, Version 1.5 (Thompson et al., 1994 ) using a Gap Open Penalty of 5, a Gap Extension Penalty of 2.5, and default values for all other settings. The GC content of sequences were determined using the FRAME program.
Statistical analyses
Statistical analyses were performed using Instat, a personal computer software program. Results were considered statistically significant when the P value was Ͻ0.05.
